There is a growing field of research into the physicochemical properties of metal oxide 
Introduction
Nanotechnology plays an important role in therapies of the future as "nanomedicine", by allowing to decrease the required efficient dose as well as to increase the therapeutic indices and safety profiles of new therapeutics. 1 In so, new types of anticancer agents are being explored that have the potential to overcome problems with the existing anticancer therapies while focusing on better selectivity, efficacy in lower doses and decrease of their side effects. 2 Their anticancer activity is believed to be mediated either directly by their antioxidant action or indirectly through heating. Among them, metal oxide nanoparticles (NPs) are under intense investigation mainly from a toxicity point of view, due to the detrimental effects reported on cells. 3, 4 Those NPs have the ability to perturb the cell membranes, to degrade the DNA and to react with proteins either directly or indirectly by producing reactive oxygen species (ROS). Meanwhile, another aspect is to utilize these adverse effects in order to induce death of tumor cells. 5 For example, by comparing "naked" commercial transition metal oxide NPs, the chemical composition was found to be the crucial factor affecting their ability to kill cells with the rank of cytotoxicity being CeO2 < Al2O3 <SiO2 < ZnO < CuO. 6 Their activity was mediated by an increase in intracellular ROS.
There are limited studies evaluating the anticancer activity of CuO NPs. Towards this direction CuO NPs of 22 nm size were tested in human hepatocellular carcinoma cells (HepG2) and the results showed that cell viability decreased gradually to 28% when cells were exposed to higher concentrations of CuO NPs. 15 In another study, CuO NPs (~30 nm) were applied in human breast cancer cell line MCF7 to correlate autophagy with apoptosis and the results demonstrated that the NPs induce in vitro growth inhibition and autophagy in the cells. 16 Despite the fact that in both studies increase in the ROS production is involved, ROS and cancer are associated in a paradoxical manner; ROS and oxidative stress induce carcinogenesis, but higher increase of ROS levels enhance cell death. 17 It has to be mentioned that the absence of any protecting coating in the above studies is a drawback that affects the selectivity of the respective NPs.
Polyethylene glycolation (PEGylation) offers stealth characteristics, which referred also as the enhanced permeation and retention effect (EPR). As a result of the EPR effect, PEGylated NPs can penetrate through the leaky vasculature of the tumor cells, whereas the normal tissue has a tight vasculature. 18, 19 Moreover, PEGylated NPs are able to avoid the non-specific interactions with opsonic proteins and uptake by the reticulo-endothelial system (RES) and this is very crucial in case of in vivo applications.
However, CuO nanoparticles coated with polyethylene glycols are scarcely reported in the literature. Submicron CuO nanomaterials were prepared through hydrothermal method in the presence of very low concentrations (2μM) of PEG 20000 and found to exhibit higher antibacterial activity than CuO nanomaterials prepared through coprecipitation routes, mainly through ROS production and lipid peroxidation. 20 Herein, we chose to prepare PEGylated CuO NPs of different sizes with stealth characteristics to investigate their anticancer performance. Towards this goal, CuO NPs of different sizes were hydrothermally synthesized in the presence of either polyethylene glycol 1000 or polyethylene glycol 8000 upon adjusting properly the reaction temperature and time, since dissolution and crystallization processes take place. Their effects were evaluated on human cervical carcinoma HeLa cells while human immortalized embryonic kidney 293 FT cells were used as a control. HeLa cells were selected since are one of the best characterized human cell lines and one of the most popular cellular models in science and industry. Apart from the ROS production, which was measured by the nitroblue tetrazolium (NBT) reduction, cell membrane damage was also investigated by testing for lactate dehydrogenase (LDH) release. The DNA from the cells was isolated and studied for apoptotic fragmentation signs.
Moreover, based on the close relationship between cancer and inflammation, 21 the anti-inflammatory activity of CuO NPs was also studied in vitro by evaluating the inhibition of the enzymatic activity of lipoxygenase (LOX). Statistical significance was considered at p < 0.05.
Experimental Materials

Lactate dehydrogenase assay (LDH)
Lactate dehydrogenase leakage (LDH), which is a measure of cytotoxicity on the basis of membrane integrity damage, was determined using a commercial LDH Kit (Biochain) according to the manufacturer's protocols. This procedure is based on the method developed by Ulmer et al., 22 optimized for greater sensitivity and linearity.
HeLa cells were seeded in 96-well culture plate at a density of 2 x 10 4 /mL in DMEM supplemented with antibiotics penicillin and streptomycin but without FBS in order to avoid the background of the serum. After 16 hours of incubation at 37 °C in a humidified atmosphere containing 5% CO2, CuO NPs (samples S1-S5) at the concentrations of 5, 10, 25, 50 and 100 μg ml −1 were added. The cells with the NPs were incubated for 24 h while non-exposed cells were used as negative controls. Then, the cell culture medium was collected for LDH measurement. An aliquot of 100 μl cell medium was used for LDH activity analysis and the absorbance at 490 nm was measured using a Bio-Tek Microplate AutoReader 311SX (BIO-TEK Instruments INC, USA). Each sample was triplicated. For statistical analysis, Student's t-test was performed. Statistical significance was considered at p < 0.05.
Nitroblue tetrazolium assay (NBT)
The reactive oxygen species (ROS), which are created intracellularly as result of treatment of HeLa cells with CuO NPs, were measured by the nitroblue tetrazolium (NBT) reduction using the protocol described by Becerra et al. 23 For this purpose 100
μL cell suspension (cell culture was incubated overnight) in DMEM was incubated with respective CuO NPs (samples S1-S5) and 500 μL of 1 mg/mL NBT for 1 h at 37
Then, 100 μL of 0.1 M HCl was added and the tubes were centrifuged at 1500 g for 10 min. The pellets were treated with 600 μL DMSO to extract the reduced NBT. Finally, 500 μL DMEM was added and formazan blue obtained from cells was measured as optical density (OD) at 575 nm (intracellular ROS).
Genomic DNA isolation from HeLa cells exposed to CuO NPs
Cells were seeded in 96-well plates at a density of 5 × were placed on ice for two minutes (until they were completely frozen), then immersed in a 95 °C water bath for 1 minute to thaw quickly and finally were vortexed vigorously for 30 seconds. The process was repeated twice. 24 After centrifugation for 5 min at 1600
x g the supernatants are collected, brought to 1% SDS and treated for 2 h with RNase A (final concentration 5 μg/mL) at 56 °C followed by digestion with proteinase K (final concentration 2.5 μg/mL) for at least 2 h at 37 °C. After addition of 1/2 volume 10 M ammonium acetate, the DNA is precipitated with 2.5 volume ethanol.
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DNA binding/cleavage experiment in agarose gel electrophoresis
The DNA binding/cleavage efficiency of the NPs was measured by determining their ability to alter the mobility of the isolated DNA and/or to cause degradation. Upon the addition of 5 μL loading buffer consisting of 0.25% w/v bromophenol blue and 30%
v/v glycerol in water, the products resulting from interactions of the NPs with DNA were separated by electrophoresis on agarose gels (1% w/v), which contained 1 μg/mL ethidium bromide in 40·10 -3 M Tris-acetate, pH 7.5, 2·10 -2 M sodium acetate, 2·10 -3 M Na2EDTA, at 5 V·cm -1 . Agarose gel electrophoresis was performed in a horizontal gel apparatus (Mini-SubTM DNA Cell, BioRad) for about 1 h. The gels were visualized after staining with the fluorescence intercalated dye ethidium bromide under a UV illuminator.
Evaluation of lipoxygenase activity
The reaction mixture contained (final concentration) the CuO NPs (samples S1-S5), dissolved in water at concentrations of 2-10 μg . mL -1 , or the solvent (control), soybean lipoxygenase, dissolved in 0.9% NaCl solution (250 u . mL -1 final concentration) and sodium linoleate (100 μM), in Tris-HCl buffer, pH 9.0. The reaction was monitored for 9 min at 28 ο C, by recording the absorbance of a conjugated diene structure at 234 nm, due to the formation of 13-hydroperoxy-linoleic acid. The performance of the assay was checked using naproxen as a reference.
Results and discussion
Synthesis and characterization of CuO NPs
For the synthesis of CuO NPs a simple hydrothermal procedure into a Teflonlined stainless-steel autoclave was employed. Generally, hydrothermal synthesis of CuO NPs are governed both by thermodynamic and kinetic growth. The depicted experimental conditions were based on our previous results as the composition of Cubased NPs is strongly influenced by specific reaction parameters. [8] [9] [10] Solution pH and temperature are the factors which affect the mixed potential, and thus the most stable chemical species can be changed by the pH and temperature. 26, 27 The and thus affects the size of the nanoparticles. 28 It has to be mentioned that crystallinity of the final product will not be affected much when using different MW PEG. 20 The reductive ability of polyethylene glycols is an effective way to adjust the redox reactions and the crystallization of copper oxides, while the size of the NPs strongly depends on time as the competition between Ostwald ripening and dissolution took place. 29 Meanwhile, the pH of the reaction suspension has been initially adjusted at 298
K by using the same amount of reducing agent, hydrazine, in all the experiments. In that manner, five different samples of CuO NPs (S1-S5) were prepared by differentiating the reaction time and in the presence of the biocompatible surfactants polyethylene glycol 1000 and polyethylene glycol 8000. The reaction time and temperature were varied from 6 to 12 hours and from 150 to 160 o C, respectively concerning that the long chain polyols exhibit weaker reductive ability than those of lower molecular weight, in respect of PEG 8000 and PEG 1000. Table 1 summarizes the experimental procedures and the main characteristics of the resulted NPs.
The phase composition and crystalline structure were determined via XRD measurements ( Figure 1 ). All samples exhibited the monoclinic structure of CuO (ICDD, JCPDS card No. . The average crystalline sizes of the NPs of all the samples were determined by measuring the full width at half-maximum (FWHM) of the most intense peaks and using the Scherrer equation (Table 1) . Lattice parameters were also calculated by using MDI's Jade software and the corresponding values presented in Table 1 TEM micrographs of sample S1 prepared in the presence of PEG 1000 and samples S2, S3 and S4 in PEG 8000 are illustrated in Figure 2 . Both polyethylene glycols resulted in the formation of NPs of similar morphology. It has to be mentioned that CuO NPs present different morphology when they are prepared upon oxidation of copper nanoparticles. In our previous study, Cu NPs coated with PEG 8000 were oxidized over time to leaf-like structured CuO NPs, 9 while the same shape has been reported also for CuO nanocrystals prepared either by oxidizing copper NPs in hexadecyl trimethyl ammonium bromide solution (CTAB) 30 or through pulsed copper wire explosion system in distilled water. Controversial explanations can be found in literature for decomposition in higher temperatures, since multi-stepped TGA curve is attributed to either a bi-layer formation of the organic coating 34 or to two different kinds of binding sites. On the base of the obtained TGA results, the number of PEG molecules per one NP have been estimated. The calculations for samples S1-S5 were performed under assumption that the density of the nanoparticles (6.5 g/cm 3 ) is the same for the above samples and that their shape is totally spherical. 36 As a result the number of ligands that are bound on the NPs was calculated (Eq. 1) and found 5693 and 3144 for S1 and S5, and 389, 133, 1024 ligands per particle for S2, S3 and S4, respectively. 
Where N is the number of ligands on each particle, R is the mean radius of the CuO NPs, ρ is the density of the NPs, NA is Avogadro's number, M is the molar mass of surfactant molecules (g/mol) and ω is the mass loss in percent (%).
In general, the biological activity of the NPs is strongly affected not only by their size and shape, but also by the conformation of PEG molecules on the surface of the NPs. Coating of NPs with PEG 1000 resulted in dramatic increase of hydrodynamic diameter of the NP (Table 1) , while no significant increase of hydrodynamic diameter resulted in case of PEG 8000. This behavior is associated with the different grafting density of PEG 1000 and PEG 8000. In the latter case, the fewer PEG molecules may led in mushroom conformation, while in case of smaller MW as PEG 1000 brush conformation is expected, as reported also previously. 37 Meanwhile, the conformation of PEG favors or not the ionic release from the NPs into the medium and affects the biological activity of NPs. 13, 38, 39 Thus, CuO NPs have been incubated into PBS solution for 48 h in a rotary shaker and the ionic release has been measured ( Table 1) . Table   2) . Recently, the use of engineered nanoparticles for drug delivery in cancer therapy has been reviewed and the size of the NPs has been denoted as a crucial factor affecting the way of internalization inside the cells. In case of small nanoparticles (<20 nm) either pinocytosis or diffusion could occur instead of other selective endocytosis processes. NPs released more ions in the medium (3.44 μg/mL) in comparison with the other samples and even though the value is relatively low, the ionic contribution to the activity of the NPs cannot be excluded. Similar value was reported (~14 μg/mL) in a previous study of 30 nm "naked" CuO NPs towards MCF7 cells, 16 while when 10 μg/mL of 22 nm "naked" CuO NPs were applied to HepG2 cells, the cell viability decreased to 52%. 15 Although samples S2, S3, S4 have very similar hydrodynamic diameter, sample S3 has the smallest number of ligands per particle and exhibited the lowest IC50 (25.78 μg/mL) towards the control cells 293FT. In that case the leaching of ions was found negligible (0.832 μg/mL) indicating that manner the close-packed conformation of the PEG molecules which resulted in better protection of the core.
Thus, the activity arises mainly from the nanosized effect. The physicochemical characteristics of the NPs (composition, size, shape) 37 as well as the characteristics of the NP target cell, i.e. the cell type, 38 affect their anticancer activity, since they interfere with their ability to selectively enter into the tumor cells.
Apart from this fact, the cause of oxidative stress is also under investigation, since in previous study the biological activity of CuO NPs has been attributed mainly to ROS production. 14 The results of the NBT assay demonstrate that the NPs induced oxidative stress in the HeLa cultures associated with the increase of O2 − in the cell cytoplasm ( Figure 6 ) in agreement with previous studies. A significant dose-dependent response was observed in the assay for all the samples, while no significant differences among the samples are reported. In general, low concentrations stimulated the generation of O2 − with a moderate manner while a maximum stimulus in higher concentration tested (50 μg/mL) was found. This result supports that the anticancer activity of CuO NPs is mediated through oxidative stress. Previously it has been reported that CuO NPs can be the primary source of ROS if the release of Cu 2+ ions is very low, 13 as it happens in the present study. The strong adherence of the NPs to the cell membrane in combination with the production of ROS on the surface of the particles, cause an increase in cell permeability, leading to an uncontrolled transport of CuO NPs through the cytoplasmic membrane and ultimately to cell death. As mentioned previously, on the one hand ROS promote proliferation, angiogenesis and in that manner carcinogenesis; elevated ROS level activate constantly transcription factors. On the other hand, though, even higher level of ROS could become toxic to cell and cause apoptosis. 
DNA degradation after exposure to NPs in agarose gel electrophoresis
The effect of the NPs on DNA isolated from HeLa cells treated for 24 h at 37 °C with 10 and 100 μg/mL of samples S1-S5 was studied. A representative electrophoretic pattern of agarose gel electrophoresis is shown in Figure 8 . DNA as one of the biomarkers that characterize apoptosis. 40 By taking into account the DNA interaction could be achieved either directly or indirectly, the size of the nanoparticles (hydrodynamic and/or primary) becomes the crucial factor that determines whether the NPs enter into the cytoplasm and the nucleus. The hydrodynamic size of the NPs was determined in PBS (pH = 7.2). However, we have to take into account that the acidic conditions of tumors favor the dissolution of NPs and thus NPs could enter selectively on cancer cells and interact directly with subcellular organelles. 41 The smaller NPs (primary size 11-20 nm) could direct interact with the DNA, 42 while an indirect effect on DNA through the production of ROS is supported by the bigger sizes. 43 However, the latter mechanism of action or synergistic effects cannot be excluded also for the smaller NPs.
In vitro inhibition of soybean lipoxygenase (LOX)
It is generally accepted that there is a close association between cancer and inflammation. 44 Therefore, oxidative enzymes that are known to play a key role in inflammation are increasingly investigated in connection to cancer. Lipoxygenases are a group of oxidative enzymes with a non-heme iron atom in their active site, which are involved in the regulation of inflammatory responses through catalyzing the insertion of oxygen (O2) into poly-unsaturated fatty acids such as arachidonic acid and linoleic acid. In the catalytic reaction, Fe 3+ is reduced to Fe 2+ with concomitant oxidation of the lipid substrate by hydrogen abstraction from a bis-allylic methylene to give a pentadienyl radical, which is re-arranged to provide a 1-cis,3-trans-conjugated diene moiety. Subsequently, a stereo-specific insertion of oxygen at the pentadienyl radical takes place to form an oxygen-centered fatty acid hydroperoxide radical, which are mediators of inflammation. 45 Generation of ROS, rapid LDH release indicative of membrane damage and DNA damage were reported and are the main factors affecting the mechanism of action of the NPs. In a previous study, lipoxygenase inhibitors induced apoptosis in breast cancer cells in vitro. 46 Thus, to account for the anti-inflammatory activity of the CuO NPs, the inhibitory effect on the lipoxygenase enzyme activity was investigated. In all cases, enzyme inhibition is observed in a concentration-dependent manner, while the IC50 values did not differ significantly among the samples (Table 3) . Figure 8a and 8b
shows indicative curves of samples S4 and S5, respectively, exhibiting high LOX inhibition with the half maximal inhibitory concentration (IC50) values being 4 and 4.5 μg/mL, respectively ( Table 3 ). The enhanced activity of the CuO NPs as compared to the control naproxen (5.5 μg/mL) could be attributed to their smaller size, which probably allows for closer interaction with the LOX enzyme. Figure 9 . LOX inhibition in (a) sample S4 and (b) sample S5 upon increasing concentrations (1: 2.5 μg/mL, 2: 5 μg/mL, 3: 10μg/mL, 4: 25 μg/mL and 5: 50 μg/mL). Table 3 . Anti-inflammatory activity of CuO NPs evaluated by the half-minimal inhibitory concentration (IC50) (μg/mL). loading, as previously reported by us. 47 In this respect, PEGylation chemistry can be extended as an inherent part of the therapeutic, diagnostic, and imaging platform in addition to the passive coating for the repulsion of opsonin proteins. 
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